Pale yellow (AgI) 2 Ag 3 SbS 3 was synthesized by the reaction of stoichiometric amounts of AgI and Ag 3 SbS 3 (2 : 1) at 683 K. It is air stable for several months. The crystal structure was determined at different temperatures in the range from 173 K to 573 K by single crystal X-ray diffraction. (AgI) 2 Ag 3 SbS 3 crystallizes in the orthorhombic system, space group Pnnm (no. 58) with a ¼ 10.
Introduction
Due to their multiple applications numerous efforts have been made in the past to synthesize new ion conducting materials with both optimized conductivity and chemical stability. Proton, lithium, and silver ion conductors are of special interest among various cation conducting materials. We recently started a systematic exploration of a series of new copper ion conducting materials in order to determine the influence of various structural and chemical parameters on the ion mobility in the solid state. It turned out that adducts of copper halides to neutral molecules of group 15 or group 16 elements, e.g. (CuI) 3 P 12 1 or (CuBr)Te, 2 can be regarded as a new class of copper ion conducting materials. 3, 4 However, the use of copper(I) halides as a preparative tool for the synthesis of new neutral main group molecules does not provide optimized ionic conductors. 5 If copper is embedded in a pure anionic environment instead of anions and neutral ligands the ionic conductivity is expected to increase significantly due to enhanced polarisability of the anions. Whereas no mixed copper chalcogenide halides are known to date, the combination of copper halides with copper thiometallates, that is, compounds containing complex thioanions e.g. of Sb 3+ or Te 4+ , provides new copper ion conductors which can be regarded as composite materials. (CuI) 2 Cu 3 SbS 3 6 and (CuI) 3 Cu 2 TeS 3 7 exhibit an enhanced ionic conductivity combined with a comparably small activation energy even in the room temperature (RT) region. 8 By contrast, CuClCu 2 TeS 3 can be regarded as mainly semiconducting. 8, 9 We have recently started to transfer the findings concerning the copper ion conductors to homologous silver and lithium compounds. Since only a little knowledge exists about mixed chalcogenide halides of these two elements one might expect a progress in the development of new ion conducting quaternary composites. Ag 3 SX (X ¼ I, Br), 10, 11 argyrodite-type compounds, e.g. Ag 7 GeS 5 I, 12 and AgIn 2 X 3 Y (X ¼ S, Se, Te, Y ¼ Cl, Br, I) 13 are examples of mixed silver chalcogenide halides. Another example for a mixed chalcogenide halide of silver is the compound Ag 5 Te 2 Cl.
14 This compound shows an enhanced silver ion conductivity accompanied with several phase transitions. 15 Herein we report the synthesis and characterization of (AgI) 2 Ag 3 SbS 3 which is closely related to (CuI) 2 Cu 3 SbS 3 . Structural aspects and ionic pathways will be discussed with respect to the ionic conductivity.
Experimental details
(AgI) 2 Ag 3 SbS 3 was prepared by the reaction of AgI (99.9%, Alfa), and Ag 3 SbS 3 in the ratio 2 : 1 in evacuated silica ampoules. Ag 3 SbS 3 was prepared from the elements (Ag, 99.9%, Ventron, Sb, 99.999%, Heraeus, S, 99.999%, Fluka) at 823 K. The homogenized starting materials were fused at 873 K. After cooling to room temperature the yellow reaction product was homogenized and then annealed at 683 K for 4 weeks. Single crystals of suitable size for a single crystal y Part of these results were presented at the 79th International Bunsen Discussion Meeting of the Deutsche Bunsen-Gesellschaft fü r Physikalische Chemie, Mü nster, Germany, October [10] [11] [12] 2001 . z Electronic supplementary information (ESI) available: joint probability density functions, anisotropic displacement parameters and selected interatomic distances. Crystallographic data (single crystal data) in cif format (ICSD reference numbers CSD-412485
See http://www.rsc.org/ suppdata/cp/b2/b203556a/ X-ray structure determination could be separated from the pure, pale yellow microcrystalline reaction product. (AgI) 2 Ag 3 SbS 3 is neither air nor moisture sensitive over a period of several months. The reaction product was characterized by X-ray powder techniques (Siemens D5000, Cu Ka 1 , l ¼ 1.54051 Å , Si as an external standard), vide infra for crystallographic data. Differential thermal analysis (DSC) measurements (DSC7, Perkin-Elmer) showed that (AgI) 2 Ag 3 SbS 3 melts at 720 K (DH fus ¼ 64.8 J g À1 ) without decomposition. Impedance spectroscopic investigations were performed in the frequency range 100 mHz-4 MHz (IM6, Zahner Elektrik). Pressed powder samples of the title compound were contacted between gold electrodes, details of the experimental setup are given elsewhere. 3 Raman spectra of the title compound were recorded with a RFS100/S (BRUKER) in a backscattering mode using a Nd:YAG laser with an excitation wavelength of 1064 nm.
Results and discussion
Temperature dependent structure determination Structure refinement including a non-harmonic approach. The crystal structure of (AgI) 2 Ag 3 SbS 3 was determined from single crystals of suitable size (0.26 Â 0.18 Â 0.06 mm 3 (low temperature (LT)), 0.16 Â 0.20 Â 0.31 (high temperature (HT))) at temperatures between 173 K and 573 K. The crystals were glued on a glass capillary and mounted on an IPDS (Stoe) single crystal diffractometer providing monochromatic Mo Ka radiation (l ¼ 0.71073 Å ). An Oxford cryostream cooling device for the LT and a Stoe heating device for the HT measurements was used for the temperature dependent diffraction data collection. Lattice constants were derived and refined from the positions of 8000 reflections. Crystallographic data are summarized in Table 1 . The space group Pnnm which was already determined for (CuI) 2 Cu 3 SbS 3 was derived from the systematic extinctions. All data were corrected for Lorentz and polarization effects. Absorption was corrected numerically and the description of the crystal shape was optimized with the X-SHAPE 16 routine. The positions of (CuI) 2 Cu 3 SbS 3 were taken as a starting point for the refinement of the RT data set with silver located on the copper positions. With fully occupied positions and anisotropic atomic displacement parameters (ADPs) the refinement converged to R ¼ 0.066 (wR ¼ 0.095) for 67 parameters. At this step of the refinement the silver positions exhibit strong ADP values. This suggests a pronounced disorder of silver in the framework of thioantimonate and iodide ions. A non-harmonic development of the silver ADPs up to the fourth order was first tested analogous to (CuI) 2 -Cu 3 SbS 3 . 6 A detailed description of the non-harmonic approach is given there as well. This model lowered the R value significantly. A combination of a split model and a non-harmonic development of the silver ADPs was finally used because of the pronounced deformation. A reduction of the number of refineable parameters was also achieved by this approach. With a splitting of the Ag2, Ag3, and Ag4 positions and non-harmonic ADPs up to the third order for the Ag1, Ag2, Ag3, and Ag4 positions the refinement converged to R ¼ 0.0273 (wR ¼ 0.0420) for 149 parameters. Taking a parameter for the secondary extinction into account further improved the refinement. At 173 K the silver atoms are more localised than at higher temperatures. Therefore only a split model without a non-harmonic development of the ADPs was used for the crystal structure refinement. With split positions for Ag1, Ag2, Ag3, and Ag4 and anisotropic ADPs the refinement converged to R ¼ 0.0241 (wR ¼ 0.0565) for 97 parameters and 1355 independent reflections. A free refinement of the silver occupation factors for the 173 K data set confirms the value of five silver atoms per formula unit within a 1s level. Therefore the sum of the occupation factors was restricted to the ideal value for five silver atoms per formula unit. In order to get a detailed description of the pronounced delocalisation and to resolve the changes in the silver sublattice an unrestricted refinement of the silver occupation factors was used at 298 K and higher temperatures. The fractional coordinates for a selected number of data sets are summarized in Table 2 , the corresponding anisotropic displacement parameters are given in Table 1S of the electronic supplementary information (ESI).z Additional information concerning the non-harmonic parameters is provided as supplementary material. The maxima of the probability density, the so-called mode positions, of all nonharmonically refined atoms (datasets 298 K to 573 K) were determined from the probability density functions (pdf) 18 of the related positions. Mode positions (marked by a d) are not necessarily identical to the positions derived from the least squares refinement when the non-harmonic approach is used.
All distance and angle calculations are based on these mode positions.
Description of the crystal structure
The crystal structure of (AgI) 2 Ag 3 SbS 3 is closely related to that of (CuI) 2 Cu 3 SbS 3 . Thus, the crystallographic positions of iodine, antimony, and sulfur are almost the same in both compounds. However, at a given temperature the degree of localization of the mobile silver atoms in (AgI) 2 Ag 3 SbS 3 and of the corresponding copper atoms in (CuI) 2 Cu 3 SbS 3 is different to a certain degree, vide infra. The crystal structure of (AgI) 2 Ag 3 -SbS 3 consists of two-dimensional (2D) polyanionic layers (Ag3, Ag4) are distributed on the triangular faces of these octahedra, but no electron density corresponding to silver is located inside these voids.
The single polyanionic layers Ag2 has a 3 + 1 coordination. In addition four-coordinate Ag atoms form a parallel strand of polyhedra. This second strand in the layers exhibits pairs of tetraheda [AgS 2 I 2 ] which share common edges formed by the iodine atoms. These double-tetrahedra are linked to neighbouring double-tetrahedra via the sulfur atoms. Two additional Ag + ions are needed to compensate the charge of the layers. They are disordered on those six faces of the sulfur octahedra which are more or less perpendicular to (010). The remaining two faces of the octahedra which are parallel (010) are capped by Sb atoms.
Distribution of the silver atoms
The refinement of the crystal structure of (AgI) 2 Ag 3 SbS 3 at RT using the conventional (harmonic) approach resulted in relatively large ADPs combined with the necessity to use several close split positions. Strong correlations for the parameters of the silver atoms were observed due to the short distances between the not fully occupied positions. In addition, the refinement did not provide a satisfactory R value, vide supra. This finding is typical for fast ionic conductors with a large number of energetically almost equal positions for the mobile ions. Therefore a Gram-Charlier development of the ADPs of the silver atoms up to the third order was used in the final refinement stages. However, the best results were obtained when both the non-harmonic refinement and in addition two split positions Ag2 and one split position at Ag3 and Ag4 (denoted as Agn 0 and Agn 00 , n ¼ 2-4 in Table 2 ) were applied. The resulting probability density function (pdf) plots and in the case of overlapping pdfs the joint probability density function (jpdf) plots for the silver atoms are shown in Figs. 3, 1S and 4(A). To prove the significance of the pdf the non-harmonic deformation densities pdf def 18 and the errors of the pdf 19 were calculated for all sections under discussion. An example is given in Fig. 4(B) . The jpdfs are considered to be significant when they are much higher than the calculated errors. Also no pronounced negative regions must to be observed, i.e. they must be within the estimated error. A detailed description of the non-harmonic approach is given elsewhere. 6 The comparison of the jpdf at room temperature and 573 K leads to the conclusion that a high mobility of silver ions occurs in the title compound especially at elevated temperatures.
Diffusion pathways in (AgI) 2 Ag 3 SbS 3
Preferred pathways for the mobile silver atoms can be estimated from the shape of the related jpdf. In addition, a quantitative analysis of effective one-particle potentials (opp) between neighbouring silver positions is highly desirable in order to determine the barriers between different positions in the crystal structure. Opps can be derived from the related jpdf. 18, 20 However, in case of the title compound the silver positions are far from full occupancies and therefore no physical meaningful potentials can be calculated from the jpdf. Thus, no quantitative data will be given here.
Due to the structural features in (AgI) 2 Ag 3 SbS 3 a 2D transport of silver parallel to the polyanionic 2À layers (Fig. 4(A) ). The jpdf of the corresponding silver atoms broadens significantly and in addition the occupation factors change for the different postions when the temperature increases from 173 K to 573 K. One can expect a high mobility between the discussed silver positions. One possible 2D path connects two sets of Ag3 and Ag4 positions shaped like a '' silver ring '' located in the bc-plane of (AgI) 2 Ag 3 SbS 3 (Fig. 5) . Because of the interaction with neighboured iodine atoms a slightly bent diffusion pathway is favoured against a direct jump (Fig. 6 ). An alternative 2D pathway involves the Ag4 position of the silver ring and the Ag2 0 position localised in the polyanionic 2 1 [Ag 3 SbS 3 I 2 ] 2À layer. Jpdf maps at different temperatures illustrate the evolution of a diffusion pathway between these two positions (Fig. 7) . A second 2D pathway has to be taken into account within the polyanionic 
Ag2
00 /Ag2 positions. However, the jpdfs for these positions do not show a similar smearing out as the one shown in Fig. 7 . Therefore a 2D transport involving the polyanionic 2À layers is less probable than 2D transport in the bc-plane involving the silver ring and the Ag2 0 position.
Ionic conductivity measurements
A high ionic conductivity can be expected for (AgI) 2 Ag 3 SbS 3 because of the pronounced non-harmonic behaviour of silver in this material. Impedance spectroscopic measurements on powdered samples using a blocking electrode setup were performed to prove this assumption. AC impedance measurements in the region from 332 K to 479 K result in typical plots with semicircles at high frequencies and a linear spike at low frequencies. Selected ionic conductivities are 8.15 Fig. 8 illustrates the temperature dependent ionic conductivities of (AgI) 2 Ag 3 SbS 3 and the isotypic (CuI) 2 Cu 3 SbS 3 . In the HT regime the ionic conductivity of (AgI) 2 Ag 3 SbS 3 is slightly lower than that of (CuI) 2 Cu 3 SbS 3 whereas the activation energy decreases to a certain degree from the copper to the silver compound from 0.35 eV to 0.29 eV. Thus, these two homologous compounds have a very similar ionic conductivity. This is in contrast to the ionic conductors KCu 4 23 Usually the silver compounds are the better ionic conductors. Such structural aspects as the number of free interstitial positions and repulsive interactions between the mobile ions seem to be more dominant in case of the title compound.
The morphology of the crystals (plates) leads to oriented powdered samples with a preferred orientation of the crystals in the impedance experiment. This orientation leads to an activation energy with a more pronounced contribution of the conduction parallel the crystallographic a axis (perpendicular to the plane). Therefore the activation energy determined by impedance spectroscopy is close to the values parallel to the a axis. The ionic conductivity of (AgI) 2 Ag 3 SbS 3 is supposed to be anisotropic with a higher conductivity in the bc-plane. Single crystal measurements on large crystals were necessary to further prove this assumption.
Raman spectroscopy
Raman spectroscopic measurements on Cu 3 SbS 3 and (CuI) 2 3À units in (CuI) 2 -Cu 3 SbS 3 can be regarded as isolated from the surrounding copper(I) halide matrix. 6 The question arises whether this finding can be transferred from copper(I) compounds to homologous silver(I) compounds.
In case of the C 3v symmetrical [SbS 3 ] 3À unit in Ag 3 SbS 3 two stretching modes (n 1 (A 1 ) and n 3 (E)) can be expected. Lowering of the symmetry to C s leads to a split of the n 3 (E)-mode into a symmetrical A 0 and an asymmetrical A 00 mode (Fig. 3S in the ESI . The Raman spectrum of (AgI) 2 Ag 3 SbS 3 is dominated by strong bands at 357 cm
À1
, 327 cm À1 , and at 316 cm À1 (see Fig. 9 ). The strong red-shift of about 30 cm À1 in the spectrum of Ag 3 SbS 3 is due to a secondary interaction of sulfur and antimony in Ag 3 SbS 3 as discussed earlier. 6 The most important fact is that there is no significant shift of the stretching bands of the 3À units are isolated from each other and no so-called non-bonding interactions between antimony and sulfur occur. The concept of using copper(I) halides as a preparative tool is successfully transferred to silver(I) halides.
Conclusion
(AgI) 2 Ag 3 SbS 3 is the first example of an adduct compound of a silver(I) halide and thiometallate anions. Raman spectroscopic measurements, especially the similarities concerning the positions of the stretching modes between (AgI) 2 Ag 3 SbS 3 and (CuI) 2 
3À units. In contrast to many other silver ion conductors (AgI) 2 Ag 3 SbS 3 shows no phase transition between 173 K and the melting point at 720 K. The ionic conductivity around room temperature is remarkable high as compared to the conductivity of pure AgI. X-ray structure investigations reveal a pronounced temperature dependent disorder of the silver atoms. The best description of the structure could be obtained using a Gram-Charlier development of the ADPs of the silver atoms. The most favourable conduction path could be derived from the analysis of the jpdfs. An anisotropic ionic conductivity with a favored 2D transport within the bc-plane results. (AgI) 2 Ag 3 SbS 3 is stable against light and air for several months in contrast to RbAg 4 I 5 for instance. The properties of this new silver ion conductor open a wide field to low temperature ionic conductors, especially when a high stability in a wide temperature range is necessary. However, it has to be stated that especially RbAg 4 I 5 has a much higher conductivity than the title compound.
